Gilles de la Tourette syndrome (TS) is a complex developmental neuropsychiatric condition in which motor manifestations are often accompanied by comorbid conditions that impact the patient's quality of life. In the DSM-5, TS belongs to the "neurodevelopmental disorders" group, together with other neurodevelopmental conditions, frequently co-occurring. In this study, we searched the PubMed database using a combination of keywords associating TS and all neurodevelopmental diagnoses. From 1009 original reports, we identified 36 studies addressing TS and neurodevelopmental comorbidities. The available evidence suggests the following: (1) neurodevelopmental comorbidities in TS are the rule, rather than the exception; (2) attention deficit/hyperactivity disorder (ADHD) is the most frequent; (3) there is a continuum from a simple (TS + ADHD or/and learning disorder) to a more complex phenotype (TS + autism spectrum disorder). We conclude that a prompt diagnosis and a detailed description of TS comorbidities are necessary not only to understand the aetiological basis of neurodevelopmental disorders but also to address specific rehabilitative and therapeutic approaches.
Background
According to the DSM-5 classification, Gilles de la Tourette syndrome (TS) is a developmental neuropsychiatric disorder characterised by multiple motor and one or more phonic tics, lasting at least 1 year, with onset during childhood or adolescence [1] . A tic is a brief, sudden movement or sound that occurs in an inappropriate context and frequency. The distinguishing characteristics of tic include variability in severity with a waxing and waning course and suppressibility and presence of an anticipatory uncomfortable sensory sensation called a premonitory urge.
Although initially considered to be rare, TS is more common than previously expected, with a suggested overall prevalence of 1/200 in children. TS is reported worldwide in all cultures and is more common in males than females (M/F ratio ranging from 1.6:1 to 9:1) [2, 3] . The aetiopathogenesis of TS is still unclear and more complex than previously perceived, and it involves environmental (infections, perinatal problems, and autoimmunity) and genetic factors that result in a dysfunction of cortico-striato-thalamo-cortical-circuits [4] [5] [6] [7] [8] .
Comorbidities and coexistent pathologies in TS are also common. Hirschtritt et al. in a large clinical based study, analysed 1374 TS patients and found a lifetime prevalence of any psychiatric comorbidity among 85.7% and that 57.7% of the patients involved at least 2 psychiatric disorders [9] . Moreover, recent factor analysis studies have suggested that TS is not a unitary condition but can be subdivided into more homogeneous components that, similar in phenotype, are suitably share the same genetic background [10, 11] . Because TS comorbidities provide a better understanding of the syndrome not only in terms of classification and aetiopathogenesis but also in terms of outcome, comorbidities are one of the main
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Materials and methods
A Medline (PubMed version) search was performed using the following keywords: Tourette and attention deficit hyperactivity disorder (ADHD) or autism or pervasive developmental disorder or Asperger syndrome or learning disorder or Dyslexia or Dysgraphia or Dysorthographia or Dyscalculia or communication disorders or developmental coordination disorder. We included studies and reviews published in English between 1965 and February 2017. We screened all identified studies or reviews by reading the titles and the abstracts. The inclusion criteria for articles were as follows: the analysis of comorbidity between TS and ADHD/autism (ASD)/ learning disorders (LD), in term of prevalence, clinical characteristics and prognosis, resulting from cohorts of TS clinical ascertained samples and population-based studies. Duplicate studies were excluded. To identify any potential study missed by our literature research, we applied, as our second step, a cross-referencing search within retained articles. The initial search sorted out 1633 references. After excluding duplicates, the number was reduced to 1009 reports. Comorbidities between TS and communication disorders or developmental coordination disorder were not analysed due to the lack of detailed literature. In total, 36 papers that fulfilled the study criteria were retained. A PRISMA diagram flow-chart, presented in Fig. 1 , summarises the literature selection process and details the primary cause of exclusion. For ease of presentation, we distinguish general population studies (N = 5) and comorbidities in TS clinical-based studies (N = 27) with a specific focus on TS and ASD co-occurrence (N = 6).
Results

General population studies
The assessment of comorbidity between TS and other neurodevelopmental disorders has been assessed in several general population-based studies (Table 1) . One of the first studies was conducted by Comings and Comings in 1990 [16] in which they evaluated 3034 students in three schools in Los Angeles and reported an approximately 0.46% frequency of TS (N = 14 individuals).
Comorbid ADHD was reported in 10 (70%) of 14 students. Apter et al. [17] , who screened all recruits in the Israeli Defense Force during a 1-year period, documented 8.3% of ADHD in TS, while the ADHD population point prevalence at that time was 3.9%. The lower prevalence of ADHD in this study is likely due to the age of the subjects (16-17 years old) at the time of evaluation. Wang et al. [18] conducted an epidemiological study in a Taiwanese elementary school with 2000 children, highlighting a 0.56% prevalence of TS and a 36% comorbid rate of ADHD. Kadesjo and Gillberg [19] examined 435 schoolage children and found a 0.15% prevalence of TS. Among the 10 children diagnosed with TS, only 1 had a comorbid ADHD, using the DSM-III criteria and Conners scale. In this study, the rates of other neurodevelopmental disorders were also reported: 22% had comorbid ASD using the autism spectrum screening questionnaire (ASSQ) (5% Asperger, 17% PDD-NOS), 36% had comorbid dyslexia and 24% had a comorbid developmental coordination disorder. Another epidemiological study conducted in Sweden [20] on a population of 4479 children measured a 0.6% frequency of TS. In the TS group, the rate of comorbid ADHD, evaluated using the DSM-IV criteria and Conners scale, was 68% (60% combined subtype, 8% hyperactive-impulsive subtype); the rate of ASD was 20% (16% Asperger, 4% PDD-NOS); the rate of dyslexia was 16%; and the rate of developmental coordination disorder was 20%.
Clinical-based studies Tourette syndrome and ADHD
ADHD is a neurodevelopmental disorder in which a persistent pattern of inattention and hyperactivity-impulsivity interferes with development and has a negative impact on social, academic or occupational functioning [1] . The diagnostic criteria and disease definition have changed over time and differ according to the system of classification used: in DSM-5, two dimensions are defined (hyperactivity and impulsivity versus inattention), and a diagnosis can be made if a minimum number of symptoms are scored in only one dimension specifying the subtype (hyperactive-impulsive subtype, combined subtype and predominantly inattentive subtype) [1, 21] . Worldwide prevalence of ADHD in children and 11:59 adolescents using the DSM-5 broad definition is estimated to be between 5.29 and 7.1% [22] . The increased rates of prevalence of ADHD reported in the US over the past several years have led to the impression that ADHD is an "American disorder" and that it is much less prevalent elsewhere. The authors explained this difference primarily using the different methodological characteristics of the studies assessing prevalence rather than cultural or social factors [23] . Considering this variability in estimating the prevalence of ADHD, in our review we underline the nationality of the study and the methodology used to assess this comorbidity.
ADHD is the most common comorbid condition in patients with TS, as evidenced by the vast literature on the subject, with first association reports dating as early as 1973 [24] . 24 studies reported detailed data on ADHD in TS from clinical centres located worldwide (US, Australia, Japan, Iran, Brazil, England, Italy, Germany, Poland, and Denmark) ( Table 2 ). The authors reported a 17-68% prevalence of ADHD in TS cohorts. This variability in comorbidity rate is not attributable to the geographic origin of the study, with US studies reporting similar ADHD comorbidities to studies conducted elsewhere. Of the studies selected, seven used specific rating scales to evaluate comorbid ADHD (e.g., Conners scales, an instrument used to assess ADHD and its most common comorbid problems). Other studies used screening questionnaires to assess behavioural and emotional problems (e.g., child behavior check list-CBCL) or semi-structured diagnostic interview or clinical evaluations based on the DSM criteria. Only 7 studies used a case-control methodology, and 2 [25, 26] differentiated among the three ADHD subtypes.
The presence of comorbid ADHD appears to be one of the most important determinants of quality of life and, in the presence of comorbid ADHD, the rates of other comorbidities (e.g., rage, symptoms of seasonal affective disorder, sleep disturbances and depressive symptoms) are significantly higher than in 'TS only' patients and contributes to poorer psychosocial outcome and educational problems [9, [27] [28] [29] . Comorbid ADHD has an important effect on prognosis in TS adult patients: Byler et al. [30] conducted a two-step analysis of a clinical cohort (using revision charts and then telephone surveys) finding that in adult life, more than 80% of TS patients reported persisting motor and vocal tics as mild or inexistent, but that more than 40% continued to report some type of comorbidity, with ADHD and OCD most commonly reported.
All these findings were confirmed in a large study conducted using the international "TIC" (Tourette Syndrome International Consortium) database containing 6805 TS patients from 22 countries [25] . The prevalence of ADHD in TS was stated to be 55% using the DSM-IV criteria. Regarding the preliminary data on 153 sequential cases, the authors could differentiate between ADHD subtypes, and they found the relative proportions of the three ADHD subtypes to be consistent with other studies on ADHD (7% fit the hyperactive-impulsive subtype, 51% fit the combined subtype and 37% fit the predominantly inattentive subtype). Comorbidity with ADHD was associated with earlier diagnosis and a higher rate of other comorbidities with the exception of anxiety disorder. Behavioural difficulties in TS with ADHD were found to be associated with the combined or hyperactive subtypes. Moreover, the authors found that comorbid ADHD was associated with a higher rate of developmental coordination disorder (14% in TS plus ADHD group versus 7% in TS without ADHD group).
Tourette syndrome and learning disorders
According to the DSM-5, LD are developmental disorders that begin by school age and impede the ability to learn or use specific academic skills (e.g., reading, writing, or arithmetic), which constitute the foundation for other academic learning [1] . The prevalence of LD in the general population is estimated to range between 5 and 9% [31] . School problems are frequently reported in TS children. Comings and Comings [32] , summarising the different areas that impact on TS patients and cause school problems, individuated the most important as follows: motor tics that interfere in reading and writing; comorbidity with ADHD; deficits in socialization and rejection by peers and/or the teacher; medications that can cause cognitive blunting and contribute to learning problems; and the presence of specific LD.
The prevalence of LD in TS samples is only based on 10 studies ( Table 2 ) including 4 that were specifically addressed to evaluate LD in TS patients; in the other papers, the focus was mainly on comorbidities in general. With the exception of 2 studies reporting a 5.4 and 14% prevalence of LD [30, 33] , the other studies defined a more homogeneous prevalence (approximately 20-30%) of LD in TS patients (Table 2) . Among the 9 studies selected, the diagnosis of LD was confirmed using the DSM criteria with only 2 studies utilising specific instruments for the assessment of LD.
Comings and Comings [32] , evaluating a population of TS patients using a specific questionnaire for reading problems, found dyslexia in 26.8% of TS patients compared with 4.2% of the controls. Yeates et al. [34] examined the neuropsychological profiles of 70 TS children and classified them into four groups based on their pattern of performance on the wide range achievement test-revised (Table 2) . Burd et al. [35] , analysing the "TIC" database (5450 subjects), established a 22.7% prevalence of LD using the DSM criteria and compared TS subjects with comorbid learning disability and TS only subjects. The "TS plus LD" group showed an increased proportion of males, an earlier age of onset of TS, an earlier age at the time of first evaluation and diagnosis, a higher rate of perinatal problems, more severe tics and a higher rate of ADHD (80%).
Tourette syndrome and other comorbidities
Although this is not the focus of this review, we summarise the main results regarding the rates of other comorbidities rather than neurodevelopmental disorders obtained from the papers we selected. Obsessive compulsive disorder (OCD) together with ADHD is the most frequent comorbidity in TS patients with rates ranging from 10 to 60% [9, 26, 30] . In most studies, as demonstrated for ADHD, comorbidity with OCD represented one of the main determinants in terms of psychosocial and psychological outcomes in TS patients. Other comorbid conditions often reported in TS patients are depression (ranging from 11 to 73%), anxiety (2-45%), sleeping problems (9-53%) and externalising disorders or behaviours, such as conduct problems and rage attacks (5-30%). With the exception of anxiety, which is still debatable, these comorbidities appear to be highly associated with the presence of ADHD. Of the studies selected, only one [36] evaluated the presence of intellectual disability at a rate of 3.4%.
Tourette syndrome and autism spectrum disorder ASD, as classified by the DSM-5, is a neurodevelopmental disorder characterised by persistent deficits in social communication and social interaction across multiple contexts together with restricted and repetitive patterns of behaviour and interests or activities [1] . In a 2012 review, the global prevalence of ASD was estimated in a median of 62 cases per 10,000 people [37] . Tic disorders in ASD patients were first described in single case reports and in small case series [38] [39] [40] [41] . Only few studies have analysed the prevalence of comorbid TS in large ASD clinical samples [42] [43] [44] . The reported TS rate in ASD population varies from 2.6 to 11% (Table 3) . A transient association between TS and ASD has also been reported in a case series: Zappella described 12 young patients with early-onset TS comorbidity with reversible autistic behaviours. However, comorbidities between TS and ASD in most cases persist over time, and cases of ASD in TS samples have also been described. Clinical studies from TS samples highlight a prevalence of ASD in TS patients that can vary from 2.9 to 20% [11] .
From the 6 studies found in the literature (Table 3) , only one assessed the comorbidity between TS and ASD using a specific scale for autism (e.g., autism-spectrum quotient, AQ; childhood autism rating scale, CARS). Among the abovementioned clinical sample-based studies, the largest clinical sample of TS patients reported the most accurate characterisation of ASD comorbidity in our opinion [45] . Analysing 7288 patients from the Tourette Syndrome International Database Consortium Registry, the authors found that 334 (4.6%) TS individuals had comorbid ASD. In patients with TS and comorbid ASD, the rate of additional comorbidities increased considerably (98.8% TS + ASD patients had one or more comorbidities compared to 13.2% in the participants with TS only). A possible limitation of this work is represented by the fact that the diagnosis of ASD was confirmed using a structured reporting format based on the DSM criteria instead of an evaluation using specific instruments.
Discussion
A peculiar feature of TS, which is now classified among the DSM-5 neurodevelopmental disorders, is represented by the frequent association with different comorbidities occurring in the majority of patients. In this paper, we reviewed the literature on comorbidity between TS and other DSM-5 neurodevelopmental disorders, focussing on ADHD, autism spectrum disorders and learning disabilities. Communication disorders and developmental coordination disorders were not included in this review because the scientific literature on this topic is still lacking. The available evidence suggests that neurodevelopmental comorbidities in TS are the rule rather than the exception. The high rate of neurodevelopmental comorbidities is found in general population studies as well as in clinical sample studies (Tables 2, 3 ). Among these neurodevelopmental comorbidities, ADHD is by far the most frequent. Considering the literature analysed, ADHD is one of the main determinants in terms of quality of life, psychosocial and psychological outcome. We found only few studies in which the abovementioned association distinguished the various ADHD subtypes. These studies demonstrated high rates of association with the combined and prevalent inattentive subtypes. Although we are aware that searches on TS and ASD as well as TS and LD produced few publications, they confirm an association between these disorders and support the idea of a continuum between simple TS without neurodevelopmental comorbidities and more complexes phenotypes (TS + ADHD + LD and TS + ASD). Other limitations of this review are the small number of studies or samples regarding several neurodevelopmental comorbidities (e.g., ASD) and the frequent lack of adequate diagnostic instruments for assessing patients and defining comorbidities. In particular, a further bias caused by the different quality of the studies evaluated, could lie in the absence of specific assessments performed by clinicians expert in the field, thus resulting in a possible overestimation of the rates of comorbidities, such LD and ASD [46] . Moreover, we are aware that the variability of the age of the populations investigated is a factor affecting the prevalence rate. However, the current results favour the inclusion of TS among neurodevelopmental disorders as a DSM-5 group of conditions. The inclusion criteria were based on prevalence, clinical characteristics and prognosis. Interestingly, TS not only co-occurs often with other neurodevelopmental disorders, but it is also likely linked through common genetic background and common risk factors, as evidenced by the recent literature [11, 13, 14, 47, 48] . Figure 2 provides a graphical representation of this spectrum of neurodevelopmental comorbidities based on the data obtained in TS clinical samples and according to frequency and age of onset. In this sense, it appears advisable to explore clusters of neurodevelopmental problems rather than screen them separately. This is consistent with the concept of "ESSENCE" (early symptomatic syndromes eliciting neurodevelopmental clinical examinations), a term coined by Gillberg to refer to children with major difficulties in one or more of the following fields: general development, communication and language, social inter-relatedness, motor coordination, attention, activity, behaviour, mood, and sleep [49] .
From an empirical research perspective, additional studies that specifically address the comorbidity between TS and other neurodevelopmental disorders, use appropriate assessment instruments and design and do not neglect certain areas are warranted. First, studies evaluating the co-occurrence of all neurodevelopmental disorders as classified in DSM-5 (thus also including developmental coordination disorder, communication disorders and intellectual disabilities) in the same TS patients' sample and in a developmental perspective are needed. Second, additional studies should address ADHD for a better characterization of comorbid ADHD into different subtypes. Similarly, subtypes of LD should be determined, using objective neuropsychological assessment of both attention and executive functions or specific learning investigations, such as literacy or calculation assessments. Third, from the literature analysed, it appears that most patients with ASD found in TS samples correspond to patients previously classified in DSM-IV as PDD-NOS or to patients affected by MCDD (multiple complex developmental disorder), a term proposed by Cohen et al. in 1986 [50] to refer to a group of children with atypical development. In this sense, more detailed studies focussing on comorbid ASD using developmental and dimensional perspectives are recommended.
In conclusion, a prompt diagnosis of comorbidities in TS patients and a characterisation of them in a more comprehensive approach are important not only to understand the aetiological basis of neurodevelopmental disorders but also, as clinical relevance, for a prompt definition of rehabilitative and therapeutic approaches. These include pharmacotherapy [51, 52] and, equally importantly, cognitive-behavioural therapy and social interventions [53] .
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